T o investigate the effect of instability on the remodelling of a minor articular surface offset, we created a 0.5 mm coronal step-off of the medial femoral condyle in 12 New Zealand white rabbits and transected the anterior cruciate ligament (ACL). A control group of 12 rabbits had only ACL resection and the opposite knee was used as the non-operated control. The osteoarthritic changes at 6, 12 and 24 weeks after surgery were evaluated histologically. In addition, changes in the immunological detection of 3-B-3(-) and 7-D-4 chondroitin-6-sulphate epitopes were determined because of the previous association of such changes with repair of cartilage and early osteoarthritis.
Treatment of intra-articular fractures of the knee still poses a considerable clinical challenge. Most clinical and experimental studies have shown that minor residual surface offsets may not greatly increase the incidence of rapid degeneration of cartilage in a stable joint. [1] [2] [3] [4] Some authors believe that only anatomical reduction is acceptable in the treatment of intra-articular fractures of the knee. 5, 6 In clinical practice, fractures of the tibial plateau are associated with ligamentous injuries of the knee in about 7% to 33% of cases. [7] [8] [9] [10] Several authors have shown that these injuries have a poor long-term outcome and have concluded that an intra-articular fracture combined with instability of the knee requires surgical reconstruction. 3, [9] [10] [11] [12] [13] The effect of instability on remodelling of a minor surface incongruity has not yet been studied in an experimental model. Previous research on full-thickness surface offsets investigated the fate of the lesion in stable knees of rabbits. These experiments focused on the effects of the size of the defect and different methods of treatment on regeneration/degeneration of the cartilage [14] [15] [16] [17] [18] [19] and have
shown that minor and moderate offsets remodelled with restoration of surface congruity and no marked degeneration six months after surgery. [15] [16] [17] [18] [19] By contrast, large defects did not heal and caused severe osteoarthritis. 14, 15 Minor offsets showed qualitative changes in the immunohistological detection of 3-B-3(-) and 7-D-4 chondroitin sulphate epitopes associated with the remodelling and adaptation which occurred around the defect. 18, 19 We have investigated the effect of ligamentous instability on the fate of a minor coronal step-off in an established rabbit model of intra-articular incongruity.
Materials and Methods
We used 24 adult female New Zealand white rabbits weighing 3.8 to 5.6 kg. Each had division of the anterior cruciate ligament (ACL). In addition, 12 coronal step-off defects of 0.5mm were created on the medial femoral condyles of right knees. The operative technique to create the step-off has been described earlier. 17 Three groups, containing four rabbits each, were killed at 6, 12 and 24 weeks after surgery. Both knee joints were dissected free of soft tissue and the medial femoral and tibial condyles were fixed in 10% buffered formaldehyde containing 2% cetylpyridinium chloride (CPC) for 24 hours. After decalcification in formic acid for five days tissues were embedded in paraffin and sectioned at 5 m in the sagittal plane. We used haemotoxylin and eosin and Safranin O staining to evaluate degenerative changes using the scoring system described by Mankin et al. 20 The high and low sides of the step-off were scored separately as were the femoral condylar regions away from the step-off and the tibial plateaux. Degeneration was considered to be mild if the score was 1 to 5, moderate if it was 6 to 10, and severe if it was 11 to 14. Sections were blinded and read independently by two of the authors who had experience using this scoring system. Comparison of the scores was made between femora and tibiae of the two study groups and between the study groups and the non-operated control group. Scores are presented as the mean and range, as appropriate for the lack of a normal distribution in Mankin scores and the small, even, number of animals per experimental group. Immunohistology with 3-B-3 (Seikagaku, Falmouth, Massachusetts) and 7-D-4 (kindly donated by Bruce Caterson, PhD, University of Wales, Cardiff, UK) was performed using the biotin-streptavidin-conjugated alkaline phosphatase method as described earlier. 19, 21 Immunostaining with 3-B-3 was performed on sections without predigestion with chondroitinase ABC to detect the native epitope (suffix "-"). Chondroitinase-digested sections were only used as positive controls for antibody functionality. 19, 21 Qualitative description and a semiquantitative scoring system were used for evaluation of the epitopes. Scoring of 3-B-3(-) was based on the mean number of chondrocytes with detectable epitope in a high-power field (ϫ400). The number of positive cells in the cartilage was counted and averaged in ten neighbouring cartilage zones at the central, weightbearing area of the femoral and tibial condyles. Detection was ranked as follows: 0, if no staining was seen; 1+, if the mean number of positive cells was 3 or less; 2+, if it was between 3 and 10; and 3+, if more than 10. This system was not used to score immunostaining in the step-off in which detectability of the epitope was recorded as positive or negative on either side of the defect. Immunoreactivity with the 7-D-4 antibody at the same locations was evaluated using the modified scoring system of Carlson et al: 22 0, no staining; 1+, chondrocyte and matrix staining in less than one-third of the thickness of non-calcified cartilage; 2+, chondrocyte and matrix staining in one-third to two-thirds of the thickness of cartilage; 3+, matrix and chondrocyte staining in more than two-thirds of the thickness of cartilage.
The opposite knees of the rabbits served as non-operated controls.
For statistical analysis of the histological and immunohistological evaluation scores, the Mann-Whitney U test was used to assess the certainty of observed differences between independent groups. The Wilcoxon signed-rank test was used to assess the certainty of observed differences between related groups, such as the low and high side of the same knee, or contralateral sides of the same rabbit (paired analysis). Two-tailed tests were performed for all comparisons. The magnitude of the observed differences was considered pathologically relevant, even although the certainty of the differences was decreased (increased p value) by the small number of animals per group.
Results
Macroscopic findings. In the unstable step-off group, the step-off defect was visible as a clear lesion on all operated condyles, except for one rabbit in the 24-week group in which it was completely eroded. Macroscopically, all knees which had been operated on showed definite signs of osteoarthritis and synovitis. The macroscopic appearance of the degeneration of the joint was similar in both experimental groups. The synovial membrane was thickened and hyperaemic, and the volume of synovial fluid had increased in all knees when compared with the contralateral nonoperated joint. All femoral and tibial condyles had osteophytes in the medial compartment. The size of these spurs increased with time, and at 24 weeks, they also appeared on the margins of the lateral condyles. Cartilage in the medial femoral compartment appeared dull in all cases. The medial menisci showed degenerative fibrillation in all the groups. Radiological examination at the time of killing showed changes characteristic of osteoarthritis with the formation of osteophytes, narrowing of the joint space and subchondral sclerosis. These changes were present at six weeks and the severity progressed until 24 weeks after surgery. Histology of the unstable step-off group. In all the follow-up groups, the step-off healed without the ingrowth of fibrous repair tissue into the cartilage-bone interface. The surface smoothness on the high side of the offset was preserved at six weeks. All the histological signs of adaptation which have been described earlier 17 were observed.
There was an overlapping flap from the high side towards the low side of the lesion with cloning of chondrocytes. Staining with Safranin O was reduced on the high side but maintained on the low side of the defect (Fig. 1) . Clefts into the radial zone could be detected in one out of four rabbits. At 12 weeks, histological signs of serious degeneration were visible on the high side of the step-off. Clefts extending into the deep radial zone accompanied by chondrocyte cloning or acellularity and considerable loss of Safranin O staining were seen in all sections of the group.
At 24 weeks, in three out of four animals the cartilage on the high side was severely damaged and disorganised. Major, multiple clefts extended into the calcified layer, the cartilage was acellular in the vicinity of the defect and the proteoglycan content was greatly reduced as indicated by the minimal intensity of Safranin O staining (Fig. 2 ). By contrast, on the low side of the lesion, degenerative changes were only mild or moderate in all follow-up groups. At 24 weeks the step-off was eroded in one rabbit and, in this case, only a small island of cartilage was present on the low side adjacent to the lesion (Fig. 3) . Degeneration of cartilage within the step-off was characterised by Mankin scores (Table I) . On the high side, a considerable and significant increase in scores was seen between the six-and 12-week groups (p = 0.04). On the low side, degeneration also appeared to advance (p = 0.06), although the increase in scores was less dramatic than on the high side ( Table Ib) . The difference in Mankin scores was striking between the high and low sides of the lesion in each follow-up group (Table Ia) . Degeneration characterised by Mankin scores was more advanced at the high side of the lesion than in any other part of the femoral condyles of either study group.
Qualitatively, femoral condylar areas peripheral to the step-off and cartilage of the tibial plateaux opposing the defect showed progressive histological degeneration with time. Fibrillation of the surface, cloning of chondrocytes and loss of Safranin O staining were observed in all operated joints. On the femoral side, the increase in Mankin scores was substantial and statistically significant when comparing the 6-and 24-and 12-and 24-week groups (Table IIc) . Histology of the instability only group. The femora and tibiae from rabbits which received only resection of the ACL also showed progressive degeneration with time. The histological appearance of cartilage damage in these joints was similar to that of peripheral femoral regions and tibiae of the unstable step-off group. Degeneration in the instability only group was characterised by considerable and significant increases in Mankin scores compared with the control side in both the femoral and tibial sides of the joint (Tables IIa,b and IIIa,b). The increase in the scores, however, did not reach the level of statistical significance in either joint compartment when comparing different follow-up periods (Tables IIc and IIIc) . When comparing degeneration between peripheral femoral condylar regions and tibial plateaux from the step-off/instability group with those from the instability-only group, no obvious differences could be detected at any time except for the step-off/instability group at 12 weeks. Degeneration in this group as characterised by the Mankin score is given in Table III Photomicrograph of the step-off in an unstable knee six weeks after surgery. The surface of the cartilage is smooth on the high side and marked cloning is visible in the flap (Safranin O ϫ30).
Fig. 2
Photomicrograph of erosion of the step-off on the femoral condyle in an unstable knee at 24 weeks after surgery. An island of cartilage is preserved on the low side adjacent to the step-off (Safranin O ϫ30).
Fig. 3
Photomicrograph of the step-off in an unstable knee 24 weeks after surgery. The cartilage is severely damaged with multiple deep clefts, acellularity and severe loss of Safranin O staining on the high side. The morphology of the cartilage is preserved on the low side (Safranin O ϫ30).
cartilage of non-operated knees (Tables II and III) .
Immunohistology with 3-B-3 in controls.
There was minimal staining for the 3-B-3(-) epitope in non-operated control femoral and tibial condyles and it was confined to a few chondrocytes of the most superficial layer of the cartilage.
Immunohistology with 3-B-3 in the step-off/instability group. In all animals of the six-week group staining for the epitope was present at the high and low sides of the stepoffs. On the high side, detection decreased considerably with time and was seen in one out of four animals at 12 weeks. Positive staining could not be detected at 24 weeks. On the low side, in all rabbits of the 12-week group and in three out of four in the 24-week group chondrocyte and matrix staining with 3-B-3 was positive in the chondrocytes and matrix. Step-off/ACL resection 6.5 (5 to 7) 7.3 (6 to 9) 10.8 (9 to 12) 8.2 (5 to 12) ACL resection alone 7.8 (6 to 9) 9.5 (9 to 10) 10.5 (8 to 12) 9.3 (6 to 12) Unoperated control 0.8 (0 to 2) 1.4 (0 to 3) 1.3 (0 to 3) 1.1 (0 to 3) Step-off/ACL resection 0.24 0.04 0.77 0.18 v ACL resection alone
Step-off/ACL resection 0.07* 0.07* 0.07* 0.002* v unoperated control ACL resection alone 0.07* 0.07* 0.07* 0.002* v unoperated control In femoral condylar regions peripheral to the lesion and in tibial condyles, immunoreactivity with 3-B-3 was enhanced in all follow-up groups when compared with the unoperated side. Staining was seen in the chondrocytes and the matrix with a focal pattern in the superficial, tangential and upper radial zones. The cells and matrix around clones and around regions with mild or moderate degeneration showed positive staining. Qualitatively, staining showed a decreasing trend with the progression of the severity of degeneration. In severely damaged areas of cartilage which showed deep clefts, disorganisation and severe loss of Safranin O staining with acellularity, no immunostaining could be detected. The distribution of staining in different animal groups evaluated by the semiquantitative scoring system is shown in Table IV . Immunohistology with 3-B-3 in the instability only group. Immunoreactivity with 3-B-3 in the femoral condyles and tibial plateaux of rabbits which received only ACL resection was positive at all times. The staining pattern was identical to that of the femoral condylar regions away from the step-off and tibial plateaux of the step-off/ instability group (Table IV) . Immunohistology with 7-D-4 in controls. Qualitatively, the 7-D-4 epitope showed a different staining pattern than the 3-B-3(-). In non-operated controls, the epitope was always detectable in the superficial layers of the cartilage and in the chondrocytes of the calcified layer. Staining in the non-calcified cartilage was seen in the chondrocytes and the matrix with a diffuse, band-like, pattern which occupied less than one-third of the thickness of the cartilage. Immunohistology with 7-D-4 in the step-off/instability group. In the step-offs, strong immunostaining could be detected in the chondrocytes and matrix in all follow-up groups which extended to all the layers of cartilage at the high side. On the low side, adjacent to the step-off, only superficial layers showed a positive reaction in the six-week group (Fig. 4) . At 12 and 24 weeks, staining was detected in deeper cartilage layers as well but it did not involve more than two-thirds of the thickness of the cartilage.
The chondrocytes and matrix of the femoral condylar regions which were peripheral to the step-off and tibial condyles presented positive staining with the antibody at all times. The detectability of the epitope extended to deeper layers of cartilage with time and with the progression of degeneration. Areas of severely damaged cartilage with complete disorganisation, deep clefts, severe loss of Safranin O staining and acellularity showed strong positive matrix staining for the epitope. Immunoreactivity with 7-D-4 in femoral condyles and tibial plateaux evaluated by the semiquantitative scoring system is detailed in Table V . Immunohistology with 7-D-4 in the instability only group. Immunostaining with the antibody in femoral and tibial cartilage showed a strong positive reaction in all follow-up groups and an identical pattern to that seen in Table III . Degeneration in tibial plateaux in knees with both a 0.5 mm step-off and ACL resection or with ACL resection alone at 6, 12 and 24 weeks. Step-off/ACL resection 6.5 (6 to 8) 7.3 (6 to 8) 8.3 (6 to 9) 7.3 (5 to 9) ACL resection alone 6.8 (6 to 7) 7.0 (6 to 8) 8.0 (7 to 9) 7.3 (6 to 9) Unoperated control 4.1 (2 to 6) 4.1 (3 to 5) 3.8 (3 to 5) 4.0 (2 to 6) Step-off/ACL resection 0.340 0.230 0.110 ACL resection alone 0.874 0.279 0.130 areas peripheral to the femoral defect and tibial plateaux of the step-off/instability group (Table V) . Statistical analysis of the results using the semiquantitative scoring system showed significant differences between staining for 3-B-3(-) in femoral condyles and tibial plateaux and for 7-D-4 in femoral condyles of operated joints compared with unoperated knees. Changes between study groups or within a study group at different survival times (Tables IVb,  c and Vb, c) did not reach statistical significance. Table IV. Table IVa . Immunostaining of 3-B-3(-) in the femoral condyles and tibial plateaux (number of positive staining/total number of rabbits in the group). Table IVb . Statistical analysis* of changes in the immunohistological detection of 3-B-3(-) in femoral condyles. Table IVc . Statistical analysis* for tibial plateaux between the two study groups and study groups and the control group at different follow-up time points. (* p values for the comparison of immunostaining of 1) step-off and ACL resection, 2) ACL resection alone and 3) the control knee, at 6, 12 and 24 weeks are presented, a total of 9 groups for the femur and 9 for the tibia. A row and a column are shown for each of the 9 groups. Each p value is for the comparison of its row group to its column group) Step-off+ACL alone Control
Step-off+ACL alone Control
Step-off+ACL alone Control Step-off+ACL alone Control
Step-off+ACL alone Control Immunohistology of the step-off with 7-D-4 in an unstable knee six weeks after surgery. There is a strong immunoreaction in all the cartilage layers on the high side of the defect. On the low side, immunostaining is confined to the most superficial layers adjacent to the lesion (ϫ30).
Discussion
In earlier studies of the coronal step-off model the defect healed without the invasion of the articular surface by fibrous cartilage 17, 19 which is usually how full-thickness cartilage injuries heal. 23 The histological results of this study showed that this unusual healing pattern did not change because of the coexistence of instability. Providing that the osteotomised fragments were perfectly reduced and remained in intimate contact during osseous healing, fibrous repair tissue did not invade the surface of the junction between cartilage and bone at the low side of the defect. Thus, penetration into subchondral bone does not necessarily dictate fibrous repair in the absence of permanent exposure of the subchondral plate. 17, 19, 24 Instability alone caused degeneration of the rabbit knee which is consistent with earlier reports. [25] [26] [27] Since the degree of cartilage damage in the peripheral regions of the femur and in the tibia was independent of the existence of a step-off, this suggests that such degeneration was caused by instability and not associated with incongruity. By contrast, severe local degeneration occurred at the high side of the step-off in the presence of instability which was not seen previously in step-off-only studies. 17, 19 These results, coupled with the protection of cartilage at the low side of the step-off in the presence and absence of instability, Step-off+ACL alone Control
6
Step Step-off+ACL alone Control
Step-off+ACL alone Control 18, 19 Immunostaining with 7-D-4 was present throughout the experiment and showed an increasing trend with the progression of degeneration regardless of the study group. This was true for both the step-offs and the rest of the femoral condyles and tibial plateaux. In rabbits the epitope can be detected in normal adult cartilage, an observation consistent with reports of other animal models 21, 22, 28 and samples of human cartilage. 29 Staining for the epitope, however, increased with the severity of osteoarthritis and, in contrast to 3-B-3(-), a strong matrix reaction was detectable in severely damaged acellular areas of cartilage with markedly reduced Safranin O staining.
Immunohistology showed a striking difference in the staining pattern of the two epitopes. 3-B-3(-) was detectable in the early phases of degeneration but not in advanced lesions while 7-D-4 showed a gradually increasing staining pattern associated with the progression of osteoarthritis. 3-B-3(-) was not detected in cartilage zones with severe fibrillation, loss of Safranin O staining and acellularity. This observation suggests that 3-B-3(-) was either depleted from the cartilage or became inaccessible to the antibody during the degenerative process. By contrast, the presence of strong positive staining with 7-D-4 in sections of cartilage with severe morphological and histological changes suggests that this epitope may be a more permanent and immunohistologically accessible constituent of osteoarthritic cartilage than the 3-B-3(-) epitope. The pattern of detectability of 7-D-4 has been reported to be similar in other animal models and in man. 22, 28, 29, 30 Also, the differences in location and temporal pattern of the immunoreactivity of 3-B-3(-) and 7-D-4 epitopes suggest that the factors which govern detection are not the same for both epitopes, although responsive to the process of degeneration. These results should be considered in the context of recent studies of isolated chondroitin sulphate structures in which the 3-B-3(-) epitope was shown to be present in human cartilage at the same level throughout development and ageing, as well as in normal versus osteoarthritic cartilage. 31 Our study has verified that instability alone causes progressive osteoarthritis in the knee. The presence of a minor incongruity caused this degenerative process to accelerate.
